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Entericviruses form a new genus in the family Caliciviridae. In this study, Bayesian
phylogenetic analysis of 31 full length capsid sequences from Europe, North America and Asia revealed that
this new genus had four currently circulating lineages that showed both temporal and geographical
distribution. These groupings were supported by the distribution of the frequency of pair-wise distances.
However, the nucleotide and amino acid heterogeneity was low, with a maximum nucleotide and amino acid
divergence of 16.7% and 8.4%, respectively. Most variability was found between amino acid residues 288 and
420 of the capsid protein and the sequence motifs observed in this region supported the division of the four
lineages. Homology modelling using the structure of the San Miguel sea lion capsid indicated that most
variation occurred in the predicted P2 domain and thus, may affect antigenic sites on the surface of the
capsid of this newly described genus.
© 2009 Elsevier Inc. All rights reserved.IntroductionViruses in the family Caliciviridae comprise four recognised genera
(Vesivirus, Lagovirus, Sapovirus and Norovirus), each differing in
genomic organisation and/or pathological properties. All are small,
non-enveloped, icosahedral viruses with positive-sense, single-
stranded, polyadenylated RNA genomes of between 7.3 and 8.5 kb,
ﬂanked by 5′ and 3′ untranslated regions (Green et al., 2001). They
infect a wide range of hosts and cause a broad spectrum of clinical
disease.
Bovine enteric calici-like viruses were ﬁrst detected in the UK in
1976 in association with calf diarrhoea (Almeida et al., 1978; Woode
and Bridger, 1978). Subsequent virus prevalence studies indicated that
they were associated with approximately 26% of UK cases of calf
diarrhoea (Reynolds et al., 1986). Experimental infection induced a
typical calf diarrhoea syndrome similar to rotavirus infection and
calici-like virus particles were excreted in the faeces concurrently
with clinical disease (Bridger et al., 1984). Cross protection experi-
ments indicated the presence of two antigenically distinct calici-like
viruses, Newbury1 and Newbury2 (Bridger et al., 1984). Newbury2
was later shown to be a member of the Norovirus genus (Dastjerdi et
al., 1999; Oliver et al., 2003).rvis@rvc.ac.uk (S.M. Jervis),
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to bovine rotavirus (Bridger et al., 1984; Hall et al., 1984). Villous
atrophy, complete loss of enterocytes with exposure of the lamina
propria and viral antigen in the cytoplasm of enterocytes in the
anterior small intestine were observed in calves infected with the
Newbury1 virus. By electron microscopy, the virus particles showed
typical calicivirus morphology of surface depressions and “cups” and
onemajor capsid proteinwas identiﬁed bywestern blotting (Dastjerdi
et al., 2000). Genomic sequencing of the Newbury1 virus and another
bovine enteric calici-like virus NB (Nebraska) isolated in the US,
showed that these viruses both had low levels of nucleotide identity to
the established calicivirus genera and did not group phylogenetically
with them (Oliver et al., 2006; Smiley et al., 2002). A new ﬁfth genus
was proposed (Oliver et al., 2006; Smiley et al., 2002) and
provisionally named Nabovirus or Becovirus (Oliver et al., 2006).
The division of the members of the Caliciviridae into the 4 distinct
genera has been supported by differences in their genomic organisa-
tion and extensive sequence diversity of the polymerase and capsid
proteins (Green et al., 2001). Analysis of the partial polymerase
proteins of the virus in the new genus identiﬁed in the UK and US
(Oliver et al., 2006) demonstrated the existence of two polymerase
groups. This was recently conﬁrmed by Park et al. (2008) for similar
viruses identiﬁed in South Korea. In contrast, comparisons of partial
and full length capsid sequences of viruses from the UK (Oliver et al.,
2006), US (Han et al., 2004; Smiley et al., 2002) and South Korea (Park
et al., 2008) failed to identify capsid groups.
The capsid protein of the new calicivirus genus is expressed
contiguous with the non structural proteins at the C-terminal end of
ORF1 (Oliver et al., 2006; Smiley et al., 2002). It is the major structural
component of the virus particle. Its structure has yet to be resolved as
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X-ray crystallography structures available for the Norwalk virus, a
human norovirus (Prasad et al., 1999), and the Vesivirus, the San
Miguel sea lion virus (SMSV) (Chen et al., 2006) revealed that the
main icosahedral core of the capsid is comprised of a well conserved
shell (S) domain. A variable protrusion (P) domain projects from the
surface of the particle (Prasad et al., 1999) and this domain is
subdivided into a more conserved P1 domain which ﬂanks a highly
variable P2 domain. The P2 domain is predicted to be exposed on the
surface of the virus (Prasad et al., 1999) and is thought to encompass
antigenic determinants and receptor binding sites (Chakravarty et al.,
2005; Radford et al., 1999). Two conserved regions have been
identiﬁed within the variable region of the animal calicivirus capsids
belonging to the Vesivirus and Lagovirus genera (Neill, 1992; Neill et
al., 1998). The ﬁrst region located at the start of the P2 domain is
highly conserved in both the Vesivirus and Lagovirus genera and
corresponds to region D deﬁned by Neill et al. (1998). The second
conserved region located within the variable P2 domain is host-
speciﬁc (Chen et al., 2006; Neill et al., 1998).
Calf enteritis causes considerable morbidity and mortality, result-
ing in signiﬁcant economic losses (Stott and Gunn, 1995). Existing calf
diarrhoea vaccines are not fully protective as outbreaks still occur in
vaccinated herds (Cornaglia et al., 1992). Incorporation of bovine
enteric caliciviruses into calf diarrhoea vaccines may increase vaccine
efﬁcacy. However, little is known about the diversity of this newgenus
of calicivirus and the need for more than one calicivirus component.
The present study examined more rigorously, the sequence hetero-
geneity in the capsid of viruses in the new genus using a total of 31
complete capsid sequences from Europe, North America and Asia,
including an additional 8 new full length capsid sequences from the
UK, using Bayesian estimation of phylogeny, pair-wise distance
analysis and homology modelling.
Results
Phylogenetic analyses indicated the presence of four distinct lineages
Analysis using a Bayesian estimation of phylogeny of full length
capsid nucleotide sequences from diarrhoeic faecal samples obtained
in 2000 from Penrith (n=5) and Starcross (n=3) in the UK, together
with 23GenBank-deposited nucleotide sequences of othermembers of
this new genus showed that they grouped with Newbury1 and the
Nebraska (NB) virus, thus belonging to the recently described new
genus of bovine enteric caliciviruses (Oliver et al., 2006; Smiley et al.,
2002).
Four distinct lineages were observed that were supported by
posterior probabilities of 1 (Fig. 1). Similar groupings were observed
using maximum likelihood and quartet puzzling (data not shown).
However, therewas high identitywithin the lineages.Members of each
lineage had at least 88.7% nucleotide (nt) and 96.5% amino acid (aa)
identity with each other. Between the lineages, the nt identities varied
between 83.5 and 88.6% (aa identities 91.9–96.3%) (Table 1).
Lineage 1 consisted of viruses that were isolated from two
continents (US and UK) collected over a twenty six year time span
(1976, 1980, 2000 and 2002). The UK strains included Newbury1,
isolated in Newbury in 1976 (Oliver et al., 2006) and three of the UK
strains (isolated in 2000), one from Starcross (Starcross93s) and two
from Penrith (Penrith140 and Penrith182). The US strains included
NB, isolated in Nebraska in 1980 (Smiley et al., 2002) and seven other
NB-like viruses all isolated in Ohio in 2000 (Smiley et al., 2002) and
2002 (Han et al., 2004).
Lineage 1 showed a minimum nt identity of 88.7% (Table 1). The aa
identities however remained high at over 97.4%. Two clusters or sub-
lineages were observed, one containing UK strains collected in 2000
and the other containing the US strains collected in 2000/2002, with
both clusters having high nt (96.3%) and aa (98.3%) identities.Newbury1 and NB showed less nt identity (91.3–92.3%) to the viruses
in this lineage that were isolated more than two decades later. Lineage
1 showed the most variability at the nucleotide level compared to the
other three lineages identiﬁed in the present study.
Lineage 2 also contained virus isolates from two geographically
distant locations. Two viruses (GenBank-deposited, unpublished
sequences) were isolated in Japan (TCG and OKY) at an unspeciﬁed
time and one (CV32-OH) from Ohio in 2000 (Han et al., 2004). These
viruses had nt identities that ranged between 91.4 and 96.4% (aa
identities 97.9–99.2%) with each other and nt identities of between
85.3 and 88.7% with the other lineages (aa identities 92.5–95.0%).
Lineage 3 contained twelve bovine enteric caliciviruses all isolated
from cattle in South Korea during 2004–2005 (Park et al., 2008). They
had high nt identities (97.1–99.8%) and aa identities (96.5–99.8%)
with each other. Nucleotide identities with the other three lineages
were between 84.9 and 88.6% (amino acid identities 91.9–96.3%).
Finally, lineage 4 contained ﬁve UK strains (Penrith142, Pen-
rith143, Penrith150, Starcross117 and Starcross92r) isolated in 2000
from two locations. These sequences had high nt (97.8–99.6%) and aa
(98.5–99.8%) identities. Their nt identities with the other clusters
were between 83.5 and 88.4% (aa identities between 92.5 and 96.3%)
(Table 1).
Frequency analysis of the pair-wise distances between the capsid
sequences from the new genus
The results of the frequency analysis of the pair-wise distances
were consistent with those from the Bayesian analysis. The
histogram showing the frequency of the pair-wise distances
revealed the presence of three non-overlapping regions that
corresponded to the distance ranges between the strains (S
range), sub-lineages (SL range) and lineages (L range) (Fig. 2).
The S range showed a major peak representing the smallest pair-
wise distances i.e. the most closely related sequences. This peak
represented the pair-wise distances between strains in lineage 3
(South Korean strains from 2003/2004) and strains in lineage 4 (UK
isolates from 2000). The S range also contained the pair-wise
distances between the lineage 2 Japanese strains, the lineage 1 UK
strains (from 2000) and US strains.
The SL range consisted of two minor peaks that corresponded to
the distances between the clusters in lineages 1 and 2 (range 0.09–
0.18) respectively. The ﬁrst peak in this region showed the pair-wise
distances between the Japanese and US strains in lineage 2
indicating that the Japanese and US strains formed two separate
clusters (sub-lineages) in lineage 2. This peak also showed the
distances between NB and other lineage 1 strains indicating that NB
did not cluster with the other lineage 1 strains. The second minor
peak in the SL range showed the distances between the UK and US
strains isolated in 2000/2002 conﬁrming the phylogenetic analysis
indicating that these viruses formed two separate sub lineages. It
also showed the distances between Newbury1 and the US and UK
more recently isolated strains, showing that Newbury1 did not
cluster with other lineage 1 strains. Overall this suggested that
lineage 1 can be divided into 4 sub lineages; Newbury1, NB, both
identiﬁed over 25 years ago and the more recently identiﬁed US
strains and UK strains.
The L range spanned pair-wise distances 0.19–0.40 and repre-
sented the pair-wise distances between the four lineages in this
newly described genus. The closest distances were observed between
the lineage 3 Korean strains identiﬁed in 2004/2005 and the lineage
4 UK strains identiﬁed in 2000 indicating that these lineages were
closely related to each other. The most divergent lineages were
lineages 1 and 4 (pair-wise distances 0.315–0.405). The branch
lengths between Newbury1 and the lineage 1 UK isolates (2000) are
of a similar length to those of NB and the lineage 1 US isolates (2000/
2002).
Fig. 1. Phylogenetic analysis of the complete capsid genes of bovine enteric caliciviruses in the new genus. Bayesian estimation of phylogeny performed using MrBayes. The numbers
at the interior nodes are posterior probabilities for the separation of the cluster being correct. Clusters with support values above 0.85 were considered related.
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The sequence variation was not evenly distributed throughout
the capsid protein. A variable region was observed between amino
acid residues 288 and 420 (Fig. 3), which accounted for approxi-
mately 69.2% of the capsid protein variation. Approximately 3.8amino acid changes per site were found in this region compared to
0.55 amino acid changes per site outside residues 288–420. The
amino acid changes outside residues 288–420 were randomly
distributed. This variable region corresponded to the P2 domain of
human noroviruses (Prasad et al., 1999). The minimum nt identity
in the variable region was 74.1% (aa identity 82.5%) (Table 2).
Surprisingly, there was little variation in this region in viruses
Table 1
Percentage nucleotide and amino acid identities between the four groups
Nucleotide identity % (Amino acid identity %)
G1 G2 G3 G4
G1 88.7–99.7 86.0–88.6 84.9–87.8 83.5–86.1
(97.4–99.6) (93.0–95.0) (91.9–94.1) (92.5–93.9)
G2 91.4–96.4 86.9–88.6 85.3–86.7
(97.9–99.2) (92.5–94.7) (93.8–94.7)
G3 97.1–99.8 87.2–88.4
(96.5–99.8) (94.5–96.3)
G4 97.8–99.6
(98.5–99.8)
Nucleotide and amino acid identities were calculated using BioEdit. Nucleotide
identities of 88.7% or more are shown in bold.
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variation in the P1a domain (Table 2). The amino acid sequence
alignment of the variable region showed clearly the division of the
capsid sequences into the 4 different lineages supporting the
phylogenetic and frequency analysis of the pair-wise distances
(Fig. 3). There were 11 hypervariable amino acids in the variable
region which showed three or more amino acid changes between
strains (Fig. 3). Six of these sites clustered around two regions at
amino positions 323–326 and 402–404.
The variable region between residues 288 and 420 contained two
regions that were conserved. The ﬁrst conserved region (region X)
was found between residues 299 and 318 of the capsid protein
(Fig. 3) and overlaps domain D deﬁned by Neill et al. (1998) which is
conserved among vesiviruses and lagoviruses (Neill et al., 1998).
Residues 307–320 of region X showed similarity with domain D
(Neill et al., 1998). Most similarity was observed with members of
the Vesivirus and Lagovirus genera, with less similarity observed
with the Sapoviruses and Noroviruses. The second conserved region
(region Y) was found between residues 328 and 368 (Fig. 3) and the
majority of substitutions (60/62) that occurred in this region were
conservative.Fig. 2. Frequency of pair-wise distance distribution between the capsid sequences of bov
maximum likelihood distances generated using TreePuzzle 5.2 and the frequency of the pai
distances within sub-lineages. The sub-lineage (SL) range showed the pair-wise distances
between the lineages.Presence of two capsid types in a single sample from Starcross
Twomarkedly differently bovine enteric caliciviruseswere found in
the Starcross93 sample with nt identity of 85.5% (92.8% aa identity).
Starcross93s clustered with lineage 1 and Starcross93r grouped with
lineage 4 indicatingmixed infectionwith bothbovine caliciviruses. The
enteric caliciviruses capsid sequences, Starcross93s and Starcross93r
were obtained after performing reverse transcription (RT) with gene-
speciﬁc primers and random hexamer primers, respectively.
Predicted homology model of Newbury1 and Penrith150
A homology model of Newbury1 was generated using Swiss Model
and the structure of SMSV-4 (Fig. 4), a member of the Vesivirus genus
(Chen et al., 2003). From the homology model, it was predicted that
the icosahedral core of the capsid, that is, the shell (S) domain, resided
between residues 1 and 216. The more variable, surface exposed
protrusion (P) domain which projected from the surface of the
particle was predicted to be located between residues 217 and 549,
with the P1 domain mapped to residues 217 and 273 and 452 and 549
and the P2 domain to residues 274 and 451 of the capsid (Fig. 4).
Most (28 out of 33) of the residues that varied between Newbury1
(lineage 1) and Penrith150 (lineage 4) were located in the predicted
P2 domain between residues 288 and 420 and appeared to be located
in regions predicted to be surface exposed (Fig. 4). Of the remaining 5
variable residues, one was located in the S domain, another in the P1a
domain and three in the P1b domain. The 11 hypervariable amino
acids shown in Fig. 3 were not found to be immediately at the surface
in the homology model of the capsid protein (Fig. 4; red space ﬁll).
This suggested that these residues were not constrained by the
function of the virus capsid.
Discussion
The present study clearly showed, for the ﬁrst time, that, using
both Bayesian phylogenetic analysis and frequency analysis of pair-ine enteric caliciviruses in the new genus. Pair-wise distances were calculated using
r-wise distances was plotted using MS Excel. The strain (S) range showed the pair-wise
between the sub-lineages and the lineage (L) range showed the pair-wise distances
Fig. 3. Amino acid alignment of the variable region of the capsid proteins showing the presence of 4 distinct lineages. Solid horizontal bars indicate domains (C, D and E) predicted by
Neill (1992); boxed regions between residues 299 and 318(region X) and 328 and 368 (region Y) are conserved regions. ⁎Indicates hypervariable amino acid positions where there
were at least three different amino acid residues present in the different lineages.
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Caliciviridae. Previous studies demonstrated two types of polymerase,
represented by Newbury1 and NB, but only one capsid type (Oliver et
al., 2006; Park et al., 2008). Likely reasons for the differences between
the studies are that full length capsid sequences were used in the
present study, in contrast to that of Oliver et al. (2006), and that more
capsid sequences are now available from a wider range of geographi-
cal locations. Frequency analysis of the pair-wise distances of full
length capsid sequences was recently used to endorse the classiﬁca-
tion of noroviruses below the genus level based on phylogenetic
analysis (Ando et al., 2000; Zheng et al., 2006) and thus provide well-
deﬁned criteria for endorsing this method of classiﬁcation. Thus, the
present report extended this method to the new calicivirus genus to
conﬁrm 4 distinct lineages. The pair-wise distances between the four
lineages were small compared with noroviruses (Zheng et al., 2006)Table 2
Percentage nucleotide and amino acid identities in the S and P domains
Nucleotide identities % (Amino acid identities %)
S domain
1–216
P1a domain
217–273
P2 domain
274–451
P1b domain
452–549
All groups 89.3–99.8 82.4–100 74.1–99.8 84.7–100
(96.7–100) (91.2–100) (82.5–99.4) (91.8–100)
Group 1 91.0–99.5 98.8–100 85.2–99.8 88.1–100
(97.2–99.5) (100) (96.0–99.4) (95.9–100)
Group 2 93.6–96.9 90.6–99.4 88.5–95.5 92.2–97.2
(98.6–99.0) (98.2–100) (96–98.8) (100)
Group 3 97.6–99.8 84.2–100 95.8–99.8 96.9–100
(98.1–100) (97.4–100) (93.2–99.4) (96.9–100)
Group 4 97.9–99.6 94.7–98.2 97.7–99.8 97.9–99.6
(99.5–100) (100) (97.1–99.4) (97.9–100)
Nucleotide and amino acid identities were calculated using BioEdit. Nucleotide
identities of less than 90% are shown in bold.and thus it was not possible to ascertain whether these lineages are
individual genotypes or subgroups within a genotype.
Although there is variation between the four lineages, the lack of
variation within the lineages suggested that there is very little
selective pressure on the viral capsid. Alternatively, it could be that
the capsid is unable to tolerate extensive mutations and still retain its
function which is in contrast to what is observed with the norovirus
capsid. The geographical conﬁnement of the isolates would also
indicate that the viruses from the different lineages have not yet
spread globally and that lineages are conﬁned to particular locations
where the groups/lineages have evolved independently. The similar-
ity of the branch lengths between Newbury1/76/UK and lineage 1 UK
isolates (2000) compared with NB/80/US and lineage 1 US isolates
(2000/2002) is indicative of the viruses evolving over time at each
location at a similar rate. The viruses in lineage 1 were isolated more
than 25 years apart yet appeared to be genetically stable with little
genetic variation occurring with time. Such “evolutionary stasis” has
also been observed with strains of equine inﬂuenza virus which co-
circulate with more rapidly evolving lineages (Borchers et al., 2005).
Although the overall level of sequence diversity of the 31 viruses
examined in the present study was low (16.5% nucleotide and 8.1%
amino acid diversity), it was similar to that observed for the capsid
proteins of caliciviruses that infected a single species. The European
brown hare syndrome virus (EBHSV) had a maximum nucleotide
divergence of 11.7% (Le Gall-Reculé et al., 2006), and the rabbit
haemorrhagic disease virus (RHDV) had a maximum amino acid
diversity of 13.9% (Le Gall-Reculé et al., 2003). Both viruses are
members of the Lagovirus genus.
The lack of capsid heterogeneity contrasted with caliciviruses in
the other three genera of the Caliciviridae, notably the enteric
noroviruses which have 55% nt and 57.7% aa divergence (Phan et al.,
2007). Even within noroviruses from cattle, the bovine norovirus
Fig. 4. Homology model of Newbury1 and Penrith150 showing the amino acids differences in the capsid protein of Newbury1 (lineage 1) compared to Penrith150 (lineage 4).
(A) Homology model of the Newbury1 capsid protein generated using Swiss-Model based on X-ray crystallography data from the capsid protein of San Miguel sea lion virus
serotype-4 (SMSV-4) (Chen et al., 2006). Green, N-terminal arm; blue, S domain; yellow, P1 domain; orange, P2 domain; blue space ﬁll, amino acid substitutions identiﬁed
between Newbury1 and Penrith150; red space ﬁll, hypervariable amino acids identiﬁed in the variable region and shown in Fig. 3. (B and C) The three-fold axis of symmetry of
the Newbury1 capsid viewed from the top (B) or side (C), showing the likely location of the Penrith150 amino acid substitutions located around a depression at the three-fold
axis in the virion. (D) Amino acid alignment of Newbury1, Penrith150 and SMSV-4 capsid proteins used to generate the homology model and predict the location of amino acid
substitutions in (A) to (C). The alignment starts at residue 15 for both Newbury1 and Penrith150, and residue 160 for SMSV-4. Dots represent identical residues and dashes
represent gaps in the alignment. Boxed area indicates the variable region of Newbury1-like caliciviruses between residues 288 and 420. Solid bars indicate the predicted S
domain (blue), P1 domain (yellow) and P2 domain (orange) following alignment with SMSV-4; dotted black, red and blue lines indicate domain C, D and E respectively. Grey
shaded boxed regions represent species-speciﬁc conserved regions in the capsid sequences of Newbury1-like viruses and vesiviruses.
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variation observed within this new genus is similar to that observed
within a single norovirus genogroup. The maximum nt divergence
observed for the two other calicivirus genera was 51% for the
Sapoviruses (Farkas et al., 2004) and 54.9% for the Vesiviruses.
Notably, viruses in these genera have been isolated from more than
one animal species which may account for the increased hetero-
geneity. The levels of capsid diversity observed in the new genus were
similar to that of some other RNA viruses, for example the
glycoprotein 1 gene of the Junin virus (family Arenaviridae) has nt
and aa diversity of 13% and 9% (Garcia et al., 2000). The low diversity
may be due to the small sample size (31 sequences), but we think this
is unlikely as this study has analysed strains from a wide geographical
area and over a 26 year time span.
The virtual absence of variation in the S domain in the new
genus explained why different capsid types were not detected in
earlier studies (Oliver et al., 2006). It had been thought unlikely that
analysis of the NH2 terminal regions would fail to detect capsid
types as both the Norovirus and Sapovirus genera could be
distinguished by analysis of the conserved NH2-terminal region of
their capsid proteins (Kageyama et al., 2004; Okada et al., 2002).
Thus, the sole use of the NH2-terminal end of the capsid is not
recommended for the typing of this newly described genus and
sequences that include the variable region (residues 288–420)
should also be used when typing.
The predicted location of variable sites on surface exposed
regions of the homology model of Newbury1 capsid provides
support that these sites comprise antigenic determinants. The
variation at these sites may contribute to the antigenic diversity of
these viruses and the 4 genetically distinct lineages described in
this study may differ antigenically. However, antigenicity and
neutralisation will have to be determined experimentally. Presently,
neutralisation assays cannot be done as these viruses do not
replicate in cell culture. Neutralisation epitopes have been found in
this region in other caliciviruses. SMSV and the feline caliciviruses
both have neutralisation epitopes in this region (Neill et al., 1998;
Radford et al., 1999). The species-speciﬁc conservation of the
second conserved region observed in the variable region has been
observed in SMSV and the feline caliciviruses (Chen et al., 2004),
and provides further evidence for this site as a possible site for
host-speciﬁc interactions. The limited amount of amino acid
variation observed in the P2 domains of viruses in the new
genus is encouraging for future vaccine development, as more than
one strain may not be required in vaccines as found for RHDV
(Calvete et al., 2004) and FCV (Porter et al., 2008).
The presence of two viruses from different lineages (lineages 1
and 4) from the same sample was not that surprising as multiple
viral infections with different micro-organisms are common in calf
diarrhoea (Reynolds et al., 1986). The presence of two isolates in the
same sample provides the conditions for genetic recombination, as
seen with the bovine (Oliver et al., 2004) and human (Bull et al.,
2007; Etherington et al., 2006) noroviruses as well as with the
sapoviruses (Hansman et al., 2007). The increase in nt identity
between Newbury1 and NB from approximately 80% in the non
structural genes to 90% in the capsid protein suggested that one or
both of these viruses arose by recombination at the polymerase/
capsid junction (Oliver et al., 2006).
Thus, the present study showed that the bovine enteric
caliciviruses in the new genus are a group of closely related
viruses with less capsid diversity than the bovine enteric
noroviruses. Phylogenetic analysis, the frequency of distribution of
pair-wise distances and sequence of the variable P2 domain clearly
divided them into 4 closely related groups or lineages. Homology
modelling showed that the majority of amino acid differences were
located on the exposed surface of the particle, suggesting that
these residues may induce antigenic diversity. Further work isneeded to determine the serological relationships of the viruses in
the new genus to establish the number of calicivirus strains which
need to be incorporated into future calf diarrhoea vaccines.
Materials and methods
Samples
Faecal samples were collected from diarrhoeic farm calves in the
UK during 2000 from geographically distant locations, Penrith,
Cumbria and Starcross, Devon. These were kindly provided by the
Veterinary Laboratories Agency.
RT-PCR analysis
RNA extraction and reverse transcription (RT) were performed as
described previously (Oliver et al., 2003) except that either random
hexamer primers (Promega, UK) or gene speciﬁc primers (NBcapR and
NBcapF3) were used in the RT reaction (Han et al., 2004). The primers
NBcap-F3 andNBcapRwere used to amplify the full length capsid gene
by PCR (Han et al., 2004). Following two rounds of PCR, the amplicon
was gel-puriﬁed using QIA quick gel extraction kit (Qiagen) and then
cloned using the TOPO-TA pCR2.1 cloning kit (Invitrogen). Four clones
from two independent PCR reactions were sequenced (MRC Gene-
services, Cambridge, UK and MWG, Germany) and a consensus
nucleotide sequence of the complete capsid gene was obtained using
Lasergene software (DNAStar, USA) and the sequences deposited in
GenBank. Accession numbers: FJ550287 (Penrith140), FJ550288
(Penrith182), FJ550289 (Starcross93s), FJ550290 (Penrith143),
FJ550291 (Penrith142), FJ550292 (Penrith150), FJ550293 (Star-
cross117), FJ550294 (Starcross93r).
Sequence analysis
The newly sequenced capsid sequences were aligned with GenBank
deposited capsid sequencesusingClustal X (version1.8) (Thompsonet al.,
1997). The following GenBank-deposited sequences were used: US
isolates; NB (NC_004064), CV23-OH (AY082890) (Smiley et al., 2002),
CV548-OH (AY549172), CV504-OH (AY549168), CV519-OH (AY549169),
CV526-OH (AY549170), CV531-OH (AY549171), CV562-OH (AY549173)
(Han et al., 2004).UK Isolate; Newbury1 (DQ013304) (Oliver et al., 2006).
Japanese isolates; TCG (NC_006875), OKY (AB167745) (unpublished
sequences). South Korean isolates; MA729/05/Korea (EF528569),
MA567–2/05/Korea (EF528568), MA567–1/05/Korea (ER528567),
MA474/05/-Korea (EF528566), MA415/05/Korea (EF528565), MA362/
04/Korea (EF528564), MA298/04/Korea (EF528563), MA278/04/Korea
(EF528562), MA274/04//Korea (EF528561), MA271/04/Korea
(EF528560), SA63/04/Korea (EF528559), MA39/04/Korea (EF528558)
(Park et al., 2008).
Phylogenetic analysis was carried out using Quartet Puzzling and
Maximum likelihood analysis using the program Tree Puzzle (version
5.2) (Schmidt et al., 2002). Support for the individual nodes was
performed by bootstrap analysis (1000 repetitions) using Mega
version 4.0 (Tamura et al., 2007). Alternatively, the Bayesian inference
program MrBayes 3.1 (Ronquist and Huelsenbeck, 2003) was used to
estimate phylogeny using the Markov chainMonte Carlo algorithm for
1million generations, sampling every 100 generations. The ﬁrst 25% of
the trees were removed before construction of the consensus tree.
Two independent runs were performed. Trees were viewed using
Treeview (Page, 1996).
Pair-wise distance calculations
Pair-wise distances between the capsid DNA sequences were
calculated using the maximum likelihood distances generated by Tree
Puzzle 5.2 (Schmidt et al., 2002). Excel was used to construct a
116 F. D'Mello et al. / Virology 387 (2009) 109–116histogram of the distributions of maximum likelihood pair-wise
distances as described previously (Zheng et al., 2006).
Homology modelling of the capsid protein
The homology model of the Newbury1 capsid protein was
predicted by modelling against the known structure for the San
Miguel sea lion virus (SMSV) capsid protein (Chen et al., 2003) using
Swiss-Model (Arnold et al., 2006; Guex and Peitsch, 1997) via the
ExPASy web server (http://swissmodel.expasy.org/).
Nucleotide sequence accession numbers
The generated sequences were deposited in GenBank. The
accession numbers are as follows: FJ550287 (Penrith140), FJ550288
(Penrith182), FJ550289 (Starcross93s), FJ550290 (Penrith143),
FJ550291 (Penrith142), FJ550292 (Penrith150), FJ550293 (Star-
cross117), FJ550294 (Starcross93r).
Acknowledgments
We thank Drs Kerstin Erles and Peter Russell for their comments on
this manuscript. Paul Edwards worked as an undergraduate project
student supported by the RVC. Sarah Jervis was supported by an
Undergraduate Summer Project Bursary funded by Pﬁzer plc.
References
Almeida, J.D., Craig, C.R., Hall, T.E., 1978. Multiple viruses present in the faeces of a
scouring calf. Vet. Rec. 102, 170–171.
Ando, T., Noel, J.S., Fankhauser, R.L., 2000. Genetic classiﬁcation of “Norwalk-like
viruses”. J. Infect. Dis. 181 (Suppl. 2), S336–S348.
Arnold, K., Bordoli, L., Kopp, J., Schwede, T., 2006. The SWISS-MODEL workspace: aweb-
based environment for protein structure homology modelling. Bioinformatics 22,
195–201.
Borchers, K., Daly, J., Stiens, G., Kreling, K., Kreling, I., Ludwig, H., 2005. Characterisation
of three equine inﬂuenza A H3N8 viruses from Germany (2000 and 2002):
evidence for frozen evolution. Vet. Microbiol. 107, 13–21.
Bridger, J.C., Hall, G.A., Brown, J.F., 1984. Characterisation of a calici-like virus (Newbury
agent) found in association with astrovirus in bovine diarrhoea. Infect. Immun. 43,
133–138.
Bull, R.A., Tanaka, M.M., White, P.A., 2007. Norovirus recombination. J. Gen. Virol. 88,
3347–3359.
Calvete, C., Estrada, R., Lucientes, J., Osacar, J.J., Villaftuerte, R., 2004. Effects of
vaccination against viral haemorrhagic disease and myxomatosis on long-term
mortality rates of European wild rabbits. Vet. Rec. 155, 388–392.
Chakravarty, S., Hutson, A.M., Estes, M.K., Prasad, B.V., 2005. Evolutionary trace residues
in Noroviruses: importance in receptor binding, antigenicity, virion assembly, and
strain diversity. J. Virol. 79, 554–568.
Chen, R., Neill, J.D., Venkataram Prasad, B.V., 2003. Crystallization and preliminary
crystallographic analysis of SanMiguel sea lion virus: an animal calicivirus. J. Struct.
Biol. 141, 143–148.
Chen, R., Neill, J.D., Noel, J.S., Hutson, A.M., Glass, R.I., Estes, M.K., Prasad, B.V., 2004.
Inter- and intragenus structural variations in caliciviruses and their functional
implications. J. Virol. 78, 6469–6479.
Chen, R., Neill, J.D., Estes, M.K., Prasad, B.V., 2006. X-ray structure of a native calicivirus:
structural insights into antigenic diversity and host speciﬁcity. Proc. Natl. Acad. Sci.
U.S.A. 103, 8048–8053.
Cornaglia, E.M., Fernández, F.M., Gottschalk, M., Barrandeguy, M.E., Luchelli, A., Pasini,
M.I., Saif, L.J., Parraud, J.R., Romat, A., Schudel, A.A., 1992. Reduction in morbidity
due to diarrhea in nursing beef calves by use of an inactivated oil-adjuvanted
rotavirus — Escherichia coli vaccine in the dam. Vet. Micro. 30, 191–202.
Dastjerdi, A.M., Green, J., Gallimore, C.I., Brown, D.W.G., Bridger, J.C., 1999. The bovine
Newbury agent-2 is genetically more closely related to human SRSVs than to animal
caliciviruses. Virology 254, 1–5.
Dastjerdi, A.M., Snodgrass, D.R., Bridger, J.C., 2000. Characterisation of the bovine
enteric calici-like virus, Newbury agent 1. FEMS Microbiol Lett. 192, 125–131.
Etherington, G.J., Dicks, J., Roberts, I.N., 2006. High throughput sequence analysis
reveals hitherto unreported recombination in the genus Norovirus. Virology 345,
88–95.
Farkas, T., Zhong, W.M., Jing, Y., Huang, P.W., Espinosa, S.M., Martinez, N., Morrow, A.L.,
Ruiz-Palacios, G.M., K.P., Jiang, X., 2004. Genetic diversity among sapoviruses. Arch.
Virol. 149, 1309–1323.Garcia, J.B., Morzunov, S.P., Levis, S., Rowe, J., Calderon, G., Enria, D., Sabattini, M.,
Buchmeier, M.J., Bowen, M.D., St. Jeor, S.C., 2000. Genetic diversity of the Junin virus
in Argentina: geographic and temporal patterns. Virology 272, 127–136.
Green, K.Y., Chanock, R.M., Kapikian, A.Z., 2001. Human caliciviruses. In: Grifﬁn, D.E.,
Lamb, R.A., Martin, M.A., Roizman, B., Straws, S.E. (Eds.), Fields Virology. Lippincott,
Williams, and Wilkins, Philadephia, pp. 841–874.
Guex, N., Peitsch, M.C., 1997. SWISS-MODEL and the Swiss-PdbViewer: an environment
for comparative protein modelling. Electrophoresis 18, 2714–2723.
Hall, G.A., Bridger, J.C., Brooker, B.E., Parsons, K.R., Ormerod, E., 1984. Lesions of
gnotobiotic calves experimentally infected with a calicivirus-like (Newbury) agent.
Vet. Pathol. 21, 208–215.
Han, M.G., Smiley, J.R., Thomas, C., Saif, L.J., 2004. Genetic recombination between two
genotypes of genogroup III bovine noroviruses (BoNVs) and capsid sequence
diversity among BoNVs and Nebraska-like bovine enteric caliciviruses. J. Clin.
Microbiol. 42, 5214–5224.
Hansman, G.S., Oka, T., Katayama, K., Takeda, N., 2007. Human sapoviruses: genetic
diversity, recombination, and classiﬁcation. Rev. Med. Virol. 17, 133–141.
Kageyama, T., Shinohara, M., Uchida, K., Fukushi, S., Hoshino, F.B., Kojima, S., Takai, R.,
Oka, T., Takeda, N., Katayama, K., 2004. Coexistence ofmultiple genotypes, including
newly identiﬁed genotypes, in outbreaks of gastroenteritis due to norovirus in
Japan. J. Clin. Microbiol. 42, 2988–2995.
Le Gall-Reculé, G., Zwingelstein, F., Laurent, S., de Boisséson, C., Portejoie, Y., D.R., 2003.
Phylogenetic analysis of rabbit haemorrhagic disease virus in France between 1993
and 2000, and the characterisation of RHDV antigenic variants. Arch. Virol. 148,
65–81.
Le Gall-Reculé, G., Zwingelstein, F., Laurent, S., Portejoie, Y., Rasschaert, D., 2006.
Molecular epidemiology of European brown hare syndrome virus in France
between 1989 and 2003. Arch. Virol. 151, 1713–1721.
Neill, J.D., 1992. Nucleotide sequence of the capsid protein gene of two serotypes of San
Miguel sea lion virus: identiﬁcation of conserved and non-conserved amino acid
sequences among calicivirus capsid proteins. Virus Res. 24, 211–222.
Neill, J.D., Meyer, R.F., Seal, B.S., 1998. The capsid protein of vesicular exanthema of
swine virus serotype A48: relationship to the capsid protein of other animal
caliciviruses. Virus Res. 54, 39–50.
Okada, M., Shinozaki, K., Ogawa, T., Kaiho, I., 2002. Molecular epidemiology and
phylogenetic analysis of Sapporo-like viruses. Arch. Virol. 147, 1445–1451.
Oliver, S.L., Dastjerdi, A.M., Wong, S., El-Attar, L., Gallimore, C., Brown, D.W.G., Green, J.,
Bridger, J.C., 2003. Molecular characterization of bovine enteric caliciviruses: a
distinct third genogroup of noroviruses (Norwalk-like viruses) unlikely to be of risk
to humans. J Virol 77, 2789–2798.
Oliver, S.L., Brown, D.W., Green, J., Bridger, J.C., 2004. A chimeric bovine enteric
calicivirus: evidence for genomic recombination in genogroup III of the Norovirus
genus of the Caliciviridae. Virology 326, 231–239.
Oliver, S.L., Asobayire, E., Dastjerdi, A.M., Bridger, J.C., 2006. Genomic characterization of
the unclassiﬁed bovine enteric virus Newbury agent-1 (Newbury1) endorses a new
genus in the family Caliciviridae. Virology 350, 240–250.
Page, R.D., 1996. TreeVeiw; an application to display phylogenetic trees on personal
computers. Comput. Appl. Biosci. 12, 3358–3547.
Park, S.-I., Jeong, C., Park, S.-J., Kim, H.-H., Jeong, Y.-J., Hyun, B.-H., Chun, Y.-H., Kang, M.-
I., Cho, K.-O., 2008. Molecular detection and characterization of unclassiﬁed bovine
enteric caliciviruses in South Korea. Vet. Microbiol. 130, 371–379.
Phan, T.G., Kaneshi, K., Ueda, Y., Nakaya, S., Nishimura, S., Yamamoto, A., Sugita, K.,
Takanashi, S., Okitsu, S., Ushijima, H., 2007. Genetic heterogeneity, evolution, and
recombination in noroviruses. J. Med. Virol. 79, 1388–1400.
Porter, C.J., Radford, A.D., Gaskell, R.M., Ryvar, R., Coyne, K.P., Pinchbeck, G.L., Dawson, S.,
2008. Comparison of the ability of feline calicivirus (FCV) vaccines to neutralise a
panel of current UK FCV isolates. J. Feline Med. Surg. 10, 32–40.
Prasad, B.V.V., Hardy, M.E., Dokland, T., Bella, J., Rossmann, M.G., Estes, M.K., 1999. X-
ray crystallographic structure of the Norwalk virus capsid. Science 286, 287–290.
Radford, A.D., Willoughby, K., Dawson, S., McCracken, C., Gaskell, R.M., 1999. The capsid
gene of feline calicivirus contains linear B-cell epitopes in both variable and
conserved regions. J. Virol. 73, 8496–8502.
Reynolds, D.J., Morgan, J.H., Chanter, N., Jones, P.W., Bridger, J.C., Debney, T.G., Bunch, K.J.,
1986. Microbiology of calf diarrhoea in southern Britain. Vet. Rec. 119, 34–39.
Ronquist, F., Huelsenbeck, J.P., 2003. MrBayes 3: Bayesian phylogenetic inference under
mixed models. Bioinformatics 19, 1572–1574.
Schmidt, H.A., Strimmer, K., Vingron, M., von Haeseler, A., 2002. TREE-PUZZLE:
maximum likelihood phylogenetic analysis using quartets and parallel computing.
Bioinformatics 18, 502–504.
Stott, A.W., Gunn, G., 1995. The costs of bovine enteritis in suckled calves Scottish Agric.
Econ. Rev. 8, 83–88.
Smiley, J.R., Chang, K.O., Hayes, J., Vinje, J., Saif, L.J., 2002. Characterization of an
enteropathogenic bovine calicivirus representing a potentially new calicivirus
genus. J. Virol. 76, 10089–10098.
Tamura, K., Dudley, J., Nei, M., Kumar, S., 2007. MEGA4: Molecular Evolutionary Genetics
Analysis (MEGA) software version 4.0. Mol. Biol. Evol. 24, 1596–1599.
Thompson, J., Gibson, T., Plewniak, F., Jeanmougin, F., Higgins, D., 1997. The CLUSTAL_X
windows interface: ﬂexible strategies for multiple sequence alignment aided by
quality analysis tools. Nucleic Acids Res. 25, 4876–4882.
Woode, G.N., Bridger, J.C., 1978. Isolation of small viruses resembling astroviruses and
caliciviruses from acute enteritis of calves. J. Med. Microbiol. 11, 441–452.
Zheng, D.P., Ando, T., Fankhauser, R.L., Beard, R.S., Glass, R.I., Monroe, S.S., 2006.
Norovirus classiﬁcation and proposed strain nomenclature. Virology 346, 312–323.
